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Dopamine induces ERK activation in renal epithelial cells tions, including glomerular filtration, renin production,
through H2O2 produced by monoamine oxidase. and sodium excretion. Proximal tubule cells are the ma-
Background. The rat renal proximal tubule cells contain a jor source of renal DA synthesized from circulating and/orlarge amount of monoamine oxidase, which catalyzes the oxida-
filtered L-DOPA. Intrarenal DA, released within thetive deamination of catecholamines such as dopamine (DA).
tubule lumen and the peritubular space, serves as anThe aim of this study is to investigate the potential role of
hydrogen peroxide (H2O2) produced by monoamine oxidase autocrine/paracrine factor, locally modulating renal he-
(MAO) isoform on regulation of cell signaling and function. modynamic and/or excretory functions. In the proximal
Methods. Primary rat proximal tubular cells, which contain tubule, DA decreases sodium reabsorption by inhibitingalmost exclusively MAO-A, and human embryonic kidney 293
Na1,K1-ATPase, Na1/H1 antiport, and Na1–Pi cotrans-(HEK 293) cells stably transfected with human MAO-B cDNA
port, through the activation of specific D1- and D2-likewere treated with DA or tyramine in the presence or the absence
of some inhibitors. Then, Shc protein tyrosine phosphorylation receptors [1–3]. Recently, it has been shown that DA
and extracellular-regulated kinase (ERK) activation were eval- can also regulate gene expression in proximal tubule
uated by immunoprecipitation/immunoblot analysis and cell
cells. Indeed, DA induces a decrease of angiotensin IIproliferation by [3H]thymidine incorporation or cell counting.
type 1 (AT1) receptor expression and therefore couldResults. In rat proximal tubule cells, DA induced tyrosine
phosphorylation of Shc, ERK activation, and a significant in- reset the sensitivity of these cells to angiotensin II [4].
crease in DNA synthesis. The involvement of MAO-dependent The availability of renal DA depends in part on its
H2O2 generation induced by DA (5 mmol/L) was supported by degradation rate by monoamine oxidase (MAO). These
the demonstration that the DA effects were (1) fully prevented
enzymes catalyze the oxidative deamination of DA andby cell pretreatment with the MAO inhibitor pargyline, the
other endogenous (that is, norepinephrine and seroto-antioxydant N-acetylcysteine (NAC), and the DA uptake in-
hibitor GBR 12909; (2) not abrogated by the D1 and D2 recep- nin) and exogenous amines (that is, tyramine). Mono-
tor antagonists; (3) observed in HEK 293 MAO-B cells but amine oxidases were classified into two different iso-
not in HEK 293 wild-type cells, which do not express MAO; forms, MAO-A and MAO-B, based on substrate and
and (4) similar to those induced by another MAO substrate,
inhibitor specificity [5, 6]. In kidney, which contains onetyramine.
of the highest MAO activities [7, 8], MAO representsConclusions. Taken together, these results show that in ad-
one of the major DA metabolic pathways [9].dition to the effects related to receptor stimulation, DA, and
probably the other catecholamines, may induce some of its Hydrogen peroxide (H2O2) is one of the reaction prod-
effects through the MAO-dependent H2O2 production. ucts generated by MAOs during substrate degradation.
Except for the potential cytoxic effect of H2O2 in nigral
cell degeneration in Parkinson’s disease [10], the cell
Dopamine (DA), a catecholamine synthesized in do- events following MAO-dependent H2O2 production in
paminergic neurons and peripheral epithelial cells, plays physiological conditions have not been investigated. We
a critical role in the regulation of different renal func- have recently shown that in various living cells, including
mesangial and proximal tubule cells, degradation of
small quantities of substrate by MAO-A or MAO-BKey words: reactive oxygen species, catecholamines, amine oxidases,
mitogen-activated protein kinases, hydrogen peroxide. induces a H2O2 production that was not fully scavenged
by intracellular antioxidants [11].Received for publication February 24, 2000
Hydrogen peroxide and the other reactive oxygen spe-and in revised form July 17, 2000
Accepted for publication July 20, 2000 cies (ROS), such as superoxide anion (O22·), hydroxyl
radical (OH·), which were first described as cytotoxicÓ 2001 by the International Society of Nephrology
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factors, were recently purposed as essential intracellular cin, 10 mg/mL insulin, 5 nmol/L transferrin, 0.1 nmol/L
dexamethasone, 10 ng/mL epidermal growth factor (EGF),second messengers under subtoxic conditions. This hy-
pothesis is supported by a number of observations show- 5 mg/mL triodothyronine] and plated at 1.6 mg protein
per 100 mm Petri dish that had been coated with collagen.ing that ROS induce the activation of various signal trans-
duction processes, including stimulated tyrosine as well Fetal calf serum (FCS) 1% was added in the culture
medium until the first change (two days after seeding).serine/threonine phosphorylation, increased cytosolic Ca21
[12, 13], and the activation of enzymes [extracellular- The experiments were made at day 5.
regulated kinases (ERK), stress-activating protein kinase-
HEK 293 cell transfection and culturecJun kinase (JNK)] and transcription factors [nuclear
factor-kB (NF-kB), activator protein-1 (AP-1)] [14–17] Human embryonic kidney cells were obtained from
American Type Tissue Culture (Bethesda, MD, USA)involved in cell growth [18, 19] or apoptosis [20–23].
Evidence has been forwarded that the exposure of differ- and grown in Dulbecco’s modified Eagle’s medium
(DMEM) at 378C (5% CO2) supplemented with 10%ent cell types to low levels of ROS can exert proliferative
effects rather than promoting apoptosis or cell necrosis FCS, penicillin (100 U/mL), streptomycin (100 mg/mL),
and fungizone (0.25 mg/mL). The human cDNA for[24, 25].
The aim of this study was to evaluate whether, inde- MAO-B was obtained from Dr. Jean Shih in the pECE
vector. pECE MAO-B was restricted with Kpn I andpendently of DA receptor activation, MAO-dependent
H2O2 production participates in DA effects on renal epi- Xba I (sites in the pECE polylinker), and the insert was
purified and ligated into the Kpn I and Xba I sites ofthelial cells. To address this issue, we studied in parallel
the effects of DA on rat renal proximal tubule cells, pCDNAIII. Cells were transfected with DNA by calcium
phosphate coprecipitation as previously described [27].which contain almost exclusively MAO-A, human em-
bryonic kidney 293 (HEK 293) wild-type cells, which Cells at 50 to 60% confluency were cotransfected with
5 mg of pHYG vector to confer hygromycin B resistancedoes not express MAO and DA receptor, and HEK 293
cells stably transfected with human MAO-B cDNA. Our and 15 mg of pCDNAIII.MAO-B per 100 mm plate.
Hygromycin B (300 mg/mL) was then added to the cellresults show that H2O2 produced by MAOs behaves as
mitogenic intracellular messenger through ERK activa- culture, and cells were maintained at this concentration
of hygromycin B for one week, after which non–drug-tion and may participate to the cell effects of catechola-
mines such as DA, independently of or in addition to resistant cells began to die. At this time, the concentra-
tion of hybromycin B was lowered to 200 mg/mL. Individ-receptor activation.
ual transfectants were selected after approximately three
weeks using cloning cylinders.
METHODS
Rat proximal tubule cell culture Assay of H2O2 production
Human embryonic kidney 293 cells were washed andRat proximal tubule epithelial cells were isolated from
Sprague-Dawley rats (40 g), as described by Vinay, Gou- scrapped off in HBSS and then transferred into a lumino-
meter cuvette. H2O2 production was measured by chemi-goux, and Lemieux [26]. Briefly, kidneys were removed
aseptically, decapsulated, minced coarsely in HBSS sup- luminescence (CL) in the presence of luminol (30 mmol/L)
and horseradish peroxidase (HRP; 0.1 U/mL) [28] usingplemented with 10 mmol/L HEPES and 5 mmol/L
d-glucose, pH 7.4. Cortex was separated from medulla a thermostatically (378C) controlled luminometer (Bio-
Orbit 1251) as described previously [24]. The generationand incubated in HBSS supplemented with 0.48 U/mL
collagenase and 0.1% bovine serum albumin (BSA) in of CL in cells triggered with 10 mmol/L of tyramine
(a MAO-A and MAO-B substrate) was continuouslya flask under gentle stirring during 40 minutes at 378C
in a 5% CO2 atmosphere. To separate homogeneous monitored for 60 minutes, and the area under the curve
(total CL emission) was analyzed by the Bio-Orbitpopulations of nephron segments, the mixture of tubules
was suspended in 42% Percoll made isotonic with 103 MultiUse program.
concentrated KHB (Krebs Henseleit buffer: 1.18 mol/L
Cell proliferation studiesNaCl, 47 mmol/L KCl, 100 mmol/L HEPES, 200 mmol/L
cyclamic acid, 1.26 mmol/L MgSO4, 11.4 mmol/L KH2PO4, [3H]thymidine incorporation assay. Rat proximal tu-
bules were plated at 0.3 mg of proteins per well in six-50 mmol/L glucose) and was centrifuged (17,000 r.p.m.,
30 min, 48C). The F4 layer, composed by proximal tu- well plates (Nunc, Naperville, IL, USA). HEK 293 cells
were plated at a density of 25 3 103 cells/well in 24-wellbules, was suspended in culture medium [DME/Ham’s
F-12 medium supplemented with 25 mmol/L HEPES, plates (Nunc). After a 48-hour period to allow attach-
ment, cells were made quiescent by incubation for an25 mmol/L NaHCO3, 4 mmol/L glutamine, 20 nmol/L
sodium selenite, 10 mL/L of a 100 3 nonessential amino additional 24-hour period in serum-free medium (DME/
Ham’s F-12 medium for rat proximal tubule cells andacid mixture, 50 U/mL penicillin, 50 mg/mL streptomy-
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DMEM for HEK 293 cells). Cells were pretreated with Shc immunoprecipitation
or without appropriate compounds [the monoamine oxi- After tyramine or DA treatment, cells were lyzed in
dase inhibitor pargyline, the antioxydant N-acetylcys- RIPA buffer (10 mmol/L Tris, pH 7.5, 150 mmol/L NaCl,
teine (NAC) [15], the MEKK inhibitor PD 98059 [29], 2 mmol/L Na3VO4, 0.1% SDS, 1% Nonidet P40, 1%
and the specific DA uptake inhibitor GBR 12909] [30, 31] Na deoxycholate, 10 mg/mL PMSF). Shc proteins were
for 30 minutes and treated with DA or tyramine in the immunoprecipitated from cells lysates (500 mg of pro-
presence of 1 mCi/mL of [3H]thymidine for 24 hours. Cells tein) overnight with 5 mg of rabbit polyclonal anti-Shc
were then washed twice with 1 mL HBSS to remove antibody and 50 mL of protein A agarose. After washing,
unincorporated [3H]thymidine and were subjected to ice- bound proteins were eluted with 40 mL of Laemmli sam-
cold 5% trichloracetic acid (wt/vol) for 15 minutes. The ple buffer. After SDS-PAGE, phosphorylated Shc pro-
precipitate was washed with 95% ethanol and dissolved
teins were detected using antiphosphotyrosine-HRP
in 100 mL of 0.1 N NaOH/0.1% sodium dodecyl sulfate
conjugate antibody (dilution 1:500 for 1 hour, room tem-
(SDS) at 378C for 30 minutes. Radioactivity was mea-
perature). After stripping, blots were reblocked prior tosured by liquid scintillation counting (Packard Tricarb
reprobing with a rabbit polyclonal anti-Shc antibody.counter).
Cell number counting. For cell counting, quiescent
Quantitation of proteins
HEK 293 cells (plated at a density of 80 3 103 cells/well
Concentrations of protein were determined with thein six-well plates; Nunc) were pretreated in the same
Bio-Rad DC protein assay reagents (Bio-Rad Labora-conditions used for [3H]thymidine incorporation assay,
tories, Hercules, CA, USA), with g globulines as the stan-with or without pargyline, NAC, or PD 98059 before
dard.DA addition for 24 hours. The cells were then trypsined,
resuspended in Isoton, and counted in a cell counter
Statistical analysis(Coulter Counter ZM, Hialeah, FL, USA) as described
previously [32]. Cell viability was probed by the trypan All values are presented as mean 6 SEM. Analysis of
blue exclusion test. variance (ANOVA) t test was used for statistical analysis,
and differences were considered significant when P , 0.05.
Western blot analysis
Confluent rat proximal tubule and HEK 293 cells Materials
grown in 100 mm plates were appropriately conditioned Hank’s balanced salt solution (HBSS) medium, DME/
and pretreated with or without various inhibitors. At spec- Ham’s F-12 medium, nonessential amino acid mixture,
ified times, after tyramine or DA treatment, cells were FCS, and DMEM were from GIBCO-BRL (Eragny,
lyzed in buffer containing 50 mmol/L Tris-HCl, pH 7.5, France). Percoll was from Pharmacia (Uppsala, Swe-
150 mmol/L NaCl, 1 mmol/L ethylenediaminetetraacetic den). [Me3H] Thymidine, 74 Ci/mmol, 37 Mbq, 2.7 Tbq/
acid (EDTA), 1 mmol/L egtazic acid (EGTA), 1% Tri- mmol, were from ICN Pharmaceuticals Inc. (Costa Mesa,
ton X100, 2 mmol/L Na3VO4, 10 mg/mL phenylmethylsul- CA, USA). PD 98059 was from Calbiochem (La Jolla,
fonyl fluoride (PMSF), 3 mg/mL aprotinin, and 3 mg/mL
CA, USA). PVDF membrane was from NENe Life Sci-leupeptin. Lysate samples (30 mg of protein/lane) were
ence Products (Boston, MA, USA). Antiactive MAPKrun in 10% SDS-polyacrylamide gel electrophoresis
polyclonal antibody was from Promega (Madison, WI,(SDS-PAGE) and transferred to polyvinylidene difluor-
USA). Proteine A was from Transduction Laboratorieside (PVDF) membranes. Membranes were blocked with
(Lexington, KY, USA). Kit ECL detector reagents and1% BSA in TBS-Tween 20 (0.1%; TBST) overnight at
ECL phosphorylation module antiphosphotyrosine HRP48C. Immunoblots were probed using the following pri-
conjugate were from Amersham (Buckinghamshire, UK).mary antibodies: (1) polyclonal rabbit antiphosphory-
Anti-rabbit IgG-HRP–conjugated and anti-rabbit poly-lated-mitogen-activated protein kinase (MAPK), which
clonal IgG ERK2 were from Santa Cruz Biotechnologyrecognizes the phosphorylated Thr 183 and Tyr 185 of
(Santa Cruz, CA, USA). Anti-human Shc transforming42 and 44 kD ERK isoforms (dilution 1:3000 for 2 hours,
protein rabbit polyclonal IgG was from Upstate Biotech-room temperature) and (2) rabbit polyclonal antisera
nology (Lake Placid, NY, USA). GBR 12909 dihydro-to MAO-A and MAO-B [33]. After washing in TBST,
chloride, SCH 23390 was from TOCRIS (Ballwin, MO,membranes were incubated with HRP linked anti-rabbit
USA). Ro 19-6327 was provided by F. Hoffmann LaIgG antibody (1:10000, for 1 hour, room temperature)
Roche (Basel, Switzerland). Bio-Rad DC protein assayand the bands were detected using the ECL reaction.
reagents were from Bio-Rad Laboratories (Ivry-sur-The anti-MAPK active blots were stripped completely
Seine, France). Other chemical products were purchasedof antibodies prior to reprobing with a rabbit polyclonal
anti-ERK2 antibody. from Sigma Chemical Co. (St Louis, MO, USA).
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RESULTS dependent increase in tyrosine phosphorylation of pro-
teins with the apparent molecular weights estimated atEffect of dopamine and tyramine in proximal tubule
40 to 46, 50 to 60, 65 to 70, and 97 to 120 kD (data notcell [3H]thymidine incorporation
shown).
We have shown that using tyramine as a common Previous reports showed that p42 and p44 ERKs can
substrate for MAO-A and MAO-B in the presence or be activated after the extracellular addition of H2O2 [27],in the absence of specific MAO inhibitors, H2O2 is gener- and our results (Fig. 1 C, D) showed that cell prolifera-
ated by MAO-A in intact rat renal proximal tubule cells. tion induced by DA and tyramine was prevented by PD
Indeed, using luminol-amplified CL assay, H2O2 produc- 98059. Therefore, we investigated the potential ERK
tion is fully prevented by the MAO-A inhibitor (clorgy- activation by H2O2 generated during DA and tyramineline) and unaffected by the MAO-B inhibitor (Ro 19- degradation by MAOs. The Thr/Tyr phosphorylation
6327) cell pretreatment (data not shown). Several studies status of MAPK, which corresponds to the activated
showed that the addition of H2O2 to the culture medium status of these enzymes, was examined using phosphory-
modulates growth in a variety of mammalian cell types lated Thr183/Tyr185-specific p44/42 MAPK antibody. As
[22, 23]. Based on these data, we investigated the role shown in Figures 2A and 3A, 5 mmol/L DA and 10
of H2O2 generated by MAO-A on proximal tubule cell mmol/L tyramine induced a time-dependent increase in
proliferation. Experiments have been performed in par- both p42 and p44 MAPK activation in proximal tubule
allel using DA and tyramine, two MAO substrates, which cells. Cell pretreatment with pargyline or NAC com-
can be metabolized by both MAO-A and MAO-B and pletely suppressed the amine-stimulated ERKs activa-
display large differences concerning their mechanisms of tion observed five minutes after DA (Fig. 2B) or tyra-
action. Tyramine, unlike DA, lacks the auto-oxidizable mine addition (Fig. 3B). The preventive effect of GBR
catechol grouping [34] and does not act through any 12909 and the lack of effect of D1 or D2 receptor antago-
receptor in mammalian cells [35]. nists on ERKs activation induced by DA confirm the
Incubation of rat proximal tubule cell primary culture requirement of a carrier-mediated process to internalize
with DA or tyramine during 24 hours resulted in a dose- DA before MAO oxidative deamination (Fig. 2B).
dependent increase in [3H]thymidine incorporation with Next, we investigated whether p46, p52, and p66 tyro-
the greatest response at 5 mmol/L DA (Fig. 1A) and 10 sine-phosphorylated proteins were isoforms of the adapter
to 50 mmol/L tyramine (Fig. 1B). As shown in Figure 1 protein Shc, which are described as upstream targets for
C and D, DA and tyramine effects were abolished in activation of the ERK pathway. Figure 4A illustrates
the presence of the MAO inhibitor pargyline or the anti- that both DA (5 mmol/L) and tyramine (10 mmol/L)
oxidant NAC, indicating that proximal tubule cell in- caused a time-dependent increase in tyrosine phosphory-
crease in DNA synthesis was dependent on MAO and lation of p52 and p46 Shc, reaching the maximum at five
H2O2. The effect of DA on [3H]thymidine incorporation minutes for DA and two minutes for tyramine, after its
was also significantly decreased by cell pretreatment with addition to cell medium. Phosphorylation of p66 Shc was
GBR 12909, a specific DA uptake inhibitor, suggesting not observed systematically in all the experiments. As
that DA transport into the cells is necessary for its effect observed for proximal tubule cell proliferation, Shc phos-
on DNA synthesis. Previous reports showed that ERK/ phorylation was prevented by pargyline and NAC (Fig.
MAPKs mediate the proliferative effect of H2O2 [17]. 4B). The pretreatment with GBR 12909 also abrogated
Therefore, we investigated the effect of PD 98059, Shc phosphorylation induced by DA but not that trig-
an inhibitor of the ERK activating kinase MEK, on gered by tyramine (Fig. 4B). Taken together, these data
[3H]thymidine incorporation induced by DA and tyra- show that MAO-dependent H2O2 production induces
mine. As shown in Figure 1 C and D, PD 98059 fully phosphorylation and activation of Shc-ERK pathway in
prevented the mitogenic effect of both MAO substrates, rat renal proximal tubule cells.
supporting the dependency of the proliferative effect on
MAO-dependent H2O2 production, Shc tyrosinethe MAPK pathway activation.
phosphorylation, ERK activation, and cell
Effect of MAO substrates on proximal tubule cell proliferation in HEK 293 cells
protein tyrosine phosphorylation: Induction of Experiments on HEK 293 cells were performed to
Shc/ERK pathway activation specify better the role of MAO-dependent H2O2 produc-
To correlate the effects of DA and tyramine on cell tion in ERK activation/cell proliferation as well as to
proliferation with biochemical events occurring down- define whether human MAO-B isoform was also able to
stream of MAO-dependent H2O2 production, first we induce similar cell events. Experiments were performed
studied global protein tyrosine phosphorylation in treated in wild-type HEK 293 cells (which lack MAO activity
rat proximal tubule cells. Cell incubation with DA and DA receptor) and in HEK 293 cells stably trans-
fected with human MAO-B cDNA. As shown by West-(5 mmol/L) and tyramine (10 mmol/L) induced a time-
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Fig. 1. Effect of dopamine (DA) and tyramine in proximal tubule cell [3H]thymidine incorporation. Subconfluent quiescent proximal tubule cell
primary cultures were incubated for 24 hours with or without various concentrations of DA (A) or tyramine (B) in presence of [3H]thymidine, as
described in the Methods section. In parallel experiments, cells were preincubated with 1 mmol/L pargyline, 1 mmol/L NAC, 20 mmol/L PD 98059,
or 3 mmol/L GBR 12909 for 30 minutes prior to 5 mmol/L DA (C) or 10 mmol/L tyramine (D) addition. Values are mean 6 SEM of three separate
experiments made in triplicate. *P , 0.05; **P , 0.01; ***P , 0.001.
ern blot analysis, wild-type HEK 293 cells do not contain hand, in the same conditions, tyramine had no significant
effect on the wild-type HEK 293 cells.any MAO isoform, whereas HEK 293-MAO B trans-
fected cells express only MAO-B (Fig. 5B, insert). The Incubation of HEK 293-MAO B cells with 5 mmol/L
DA (Fig. 6) or tyramine (data not shown) induced tyro-measurement of MAO-B activity by enzyme assay (data
non shown) and luminol-amplified CL assay (Fig. 5A) sine phosphorylation of several proteins, among which
were p42/44 ERKs and p52 Shc. As observed in proximalallowed us to validate wild-type HEK 293 cells as a
negative control and HEK 293-MAO B as a good model tubule cells, ERK activation was prevented by the MAO
inhibitor pargyline and the antioxidant NAC (Fig. 6C).to characterize the cell events following H2O2 production
by MAOs. Indeed, as illustrated in Figure 5A, tyramine Finally, treatment of HEK 293-MAO B cells with DA
during 24 hours resulted in a significant dose-dependent(10 mmol/L) induced an immediate H2O2 production in
intact HEK 293-MAO B cells that was prevented com- increase in cell proliferation, evaluated by [3H]thymidine
incorporation (Fig. 7A) and cell counting (Fig. 7B). Inpletely by the MAO-B inhibitor Ro 19-6327 and unaf-
fected by the MAO-A inhibitor clorgyline. On the other addition, as showed in Figure 7 C and D, the effects of
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Fig. 2. Dopamine (DA) induces extracellu-
lar–regulated kinase (ERK) activation in
proximal tubule cells. (A) Proximal tubule cell
lysates were prepared following 5 mmol/L DA
treatment for the indicated times, as described
in the Methods section. Cell lysates were im-
munoblotted with the antiphosphospecific
p42/44 MAPK (anti-pMAPK) or anti-ERK2
antibodies. (B) In parallel experiments, cells
were preincubated with or without 1 mmol/L
NAC, 1 mmol/L pargyline, 3 mmol/L GBR
12909, 10 mmol/L (2)-sulpiride or SCH 23390
for 30 minutes prior to addition of HBSS (C)
or 5 mmol/L DA (D) for five minutes. The
blots are representative of three experiments.
Fig. 3. Tyramine induces ERK activation in
proximal tubule cells. (A) Proximal tubule cell
lysates were prepared following 10 mmol/L
tyramine treatment for the indicated times, as
described in the Methods section. Cell lysates
were immunoblotted with the antiphosphos-
pecific p42/44 MAPK (anti-pMAPK) or anti-
ERK2 antibodies. (B) In parallel experiments,
cells were preincubated with or without 1
mmol/L NAC or 1 mmol/L pargyline for 30
minutes prior to addition of HBSS (C) or 10
mmol/L tyramine (T) for five minutes. The
blots are representative of three experiments.
5 mmol/L DA on HEK 293-MAO B-cell [3H]thymidine DISCUSSION
incorporation and cell number were prevented by cell It has been well shown that DA is one of the major
preincubation with pargyline, NAC, or PD 98059. factors regulating sodium reabsorption in the renal prox-
In accordance with the absence of MAO activity in imal tubule. Our study reports that DA, in proximal
wild-type HEK 293 cells, Shc tyrosine phosphorylation, tubule cells, also induces ERK activation and mitogen-
ERK activation, and cell proliferation (Figs. 6 and 7) esis by a mechanism that requires sequential DA uptake
were not observed in this cell type after DA treatment. into the cells, its metabolism by MAO and generation
These results show that in HEK 293-MAO B cells, H2O2 of H2O2, and that it does not need receptor activation.
production by MAO-B–dependent DA degradation in- The proliferative properties of DA have been pre-
duces cell events similar to those triggered by MAO-A viously reported in some nonrenal cells, including rat
C6-D2 l glioma [36] and Chinese hamster ovary (CHO)in rat renal proximal tubule cells.
Vindis et al: MAO-dependent H2O2 production82
Fig. 4. Dopamine (DA) and tyramine induce tyrosine phosphorylation of Shc in proximal tubule cells. (A) Proximal tubule cells were treated
with 5 mmol/L DA or 10 mmol/L tyramine for the indicated times. Cell lysates were immunoprecipitated with anti-Shc antibody (IP: Shc) and
immunoblotted with antiphosphotyrosine-HRP-conjugated antibody (anti-pTyr) or anti-Shc antibody, as described in the Methods section. (B) In
parallel experiments, cells were preincubated with or without 1 mmol/L NAC, 1 mmol/L pargyline, or 3 mmol/L GBR 12909 for 30 minutes prior
to the addition of HBSS (C), 5 mmol/L DA (D), or 10 mmol/L tyramine (T) for two minutes. The blots are representative of three experiments.
Fig. 5. Monoamine oxidase (MAO)-depen-
dent H2O2 production in human embryonic
kidney 293 (HEK 293) cell lines. (A) Genera-
tion of chemiluminescence (CL) was moni-
tored in HEK 293-MAO-B (d) and HEK 293-
WT cells (j) for 30 minutes after tyramine
(10 mmol/L) addition (at time indicated by the
arrow), as described in the Methods section.
In parallel experiments, the HEK 293-MAO
B cells were preincubated with 1 mmol/L clor-
gyline (n) or Ro 19-6327 (s) for 30 minutes
prior to tyramine addition. (B) Cell lysates
from HEK 293-WT and HEK 293-MAO-B
cells were immunoblotted with a rabbit poly-
clonal antiserum to both MAO isoforms, as
described in the Methods section. Each curve
and blot are representative of three separate
experiments.
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Fig. 6. DA induce MAO-dependent Shc ty-
rosine phosphorylation and ERKs activation
in HEK 293 cells. 293-WT (left panels) and
293-MAO-B cells (right panels) were incubated
with 5 mmol/L DA for the indicated times. Cell
lysates were prepared as described in the Meth-
ods section. (A) A part of cell lysates was immu-
noprecipitated with anti-Shc antibody (IP:Shc)
and immunoblotted sequentially with anti-
phosphotyrosine-HRP–conjugated antibody
or anti-Shc antibody. (B) Phosphorylated 42
and 44 kD ERKs and ERK-2 were detected
sequentially with antiphospho-MAP kinase
(anti-pMAPK) and anti-ERK2 antibodies as
described in the Methods section. (C) In paral-
lel experiments, 293-MAO-B cells were prein-
cubated with or without 1 mmol/L NAC or
1 mmol/L pargyline for 30 minutes prior to
addition of HBSS (C) or 5 mmol/L DA (D)
for five minutes, and phosphorylated 42 and
44 kD ERKs and ERK-2 were detected se-
quentially. Apparent molecular weights (kD)
are indicated on the right. The blots are repre-
sentative of three experiments.
[37] cells. This effect was mediated by D2 receptors and low level of ROS acts as novel intracellular and intercel-
lular “messengers” activating multiple signaling path-was involved the ERK activation [38, 39]. Our results
show that in renal epithelial cells, DA uptake into the ways, including the phosphorylation of various proteins
such as EGF receptor (EGF R) and Shc, leading to thecells and degradation by MAOs are necessary for MAPK
activation and mitogenesis. Indeed, Shc/ERK activation activation of MAPK and mitogenesis of various cell types
[16–18, 43, 44]. Our results suggest that in renal proximaland cell proliferation induced by DA was (1) fully pre-
vented by the DA uptake inhibitor GBR 12909 and the tubule and HEK 293 MAO-B cells, H2O2 generated by
MAOs may be the intracellular intermediate triggeringMAO inhibitor pargyline in proximal tubule cells, (2)
observed in HEK 293 MAO-B cells but not in wild- the mitogenic activity of DA and tyramine through Shc
phosphorylation and ERK activation. Further work willtype HEK cells that lack MAO, and (3) mimicked by
tyramine, another MAO substrate. In addition, SCH be required to evaluate whether EGF R phosphorylation
participate in the response to DA.23390 and sulpiride, antagonists of D1- and D2-like recep-
tors, respectively, failed to inhibit ERK activation by Our results supply new insight on the functional role
of renal MAOs as well as on the mechanism of actionDA in proximal tubule cells.
We also show that NAC, which is a membrane-perme- of DA in the renal proximal tubule. Although the kidney
is one of the organs expressing the highest amount ofant aminothiol capable of scavenging ROS and a precur-
sor of intracellular glutathione [40], abrogated Shc/ERK MAOs, the role of these enzymes on renal function is
still not fully elucidated. Previous studies showed thatactivation and mitogenesis, suggesting that DA and tyra-
mine effects were mediated by the by-product of MAO in renal proximal tubule, MAOs are involved in the
control of DA availability [9] and, therefore, may regu-metabolism, H2O2. ROS have been previously proposed
as mediators of the pro-apoptotic activity of DA. How- late the effects of this amine in tubular sodium handling.
Our results show that in addition to the control of sub-ever, it is unlikely that autoxidation accounts for the DA
effects observed in our study, because DA concentra- strate levels, MAOs can regulate renal proximal tubule
cell functions through the generation of H2O2. The poten-tions required for cell apoptosis were much higher than
those inducing renal proximal tubule cell proliferation tial role of H2O2 produced by MAOs in cell signaling
and function does not appear to be limited to the species,[19–21, 41, 42]. In addition, tyramine, which lacks the
catechol autoxidable moiety, induced the same cell cell type, enzyme isoform, or specific substrate. Indeed,
we obtained similar results in rat renal proximal tubuleevents. There is now a growing body of evidence that a
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Fig. 7. Effect of DA in HEK 293 cell proliferation. Subconfluent quiescent HEK 293 wild-type (293-WT; h) and transfected cells (293-MAO-
B; ) were incubated for 24 hours with or without various concentrations of DA. [3H]thymidine incorporation assay (A) and cell number counting
(B) were assessed as described in the Methods section. In parallel experiments, HEK 293-MAO-B cells were preincubated with or without 1
mmol/L pargyline, 1 mmol/L NAC, or 20 mmol/L PD 98059 for 30 minutes and incubated for 24 hours with ( ) or without (h) 5 mmol/L DA
(DA) prior to [3H]thymidine incorporation assay (C) or cell number counting (D). Values are mean 6 SEM of three separate experiments made
in triplicate. *P , 0.05; ***P , 0.001.
cells, which contain almost exclusively MAO-A, and in damage occurring in the course of chronic renal diseases
in animal experimental models and in humans [46]. Tu-HEK 293 expressing only the human MAO-B isoform
using two different MAO substrates. bule cell proliferation is also excessively elevated in
chronic progressive nephropathy and occurs at severalIn the kidney, the mitogenic activity of DA related to
H2O2 production by MAOs could play a key role in stages of renal tumorigenesis [47]. A recent study reported
that an induction of MAO-B by estrogen in the hamsternormal cell growth, in repair processes, and also in prolif-
erative diseases. Indeed, proliferation of tubular cells is kidney precedes carcinogenesis. The authors postulated
that a MAO-dependent H2O2 production may contributeessential for recovery from acute renal failure [45], and
in this case, catecholamines seem to play an important to tumor initiation [48]. In addition, MAO could be im-
plicated in other renal injury induced by ischemic reper-role in tubular regeneration. On the other hand, prolifer-
ation of proximal tubule cells is part of the initial tubulo- fusion. Indeed, in a rat renal ischemic-reperfusion model,
the pretreatment with a MAO inhibitor such as moclobe-interstitial lesions that determine the progression of renal
Vindis et al: MAO-dependent H2O2 production 85
5. Weyler W, Hsu YP, Breakefield XO: Biochemistry and geneticsmide, induces a protective effect against renal functional
of monoamine oxidase. Pharmacol Ther 47:391–417, 1990
impairment after renal ischemia [49]. 6. Da Prada M, Kettler R, Keller HH, et al: From moclobemide
It is conceivable that H2O2 generated by MAO could to Ro 19-6327 and Ro 41-1049: The development of a new class
of reversible, selective MAO-A and MAO-B inhibitors. J Neuralalso be an additional mediator responsible for the abnor-
Transm Su 29(Suppl):279–292, 1990
mal function of the renal dopaminergic system in hyper- 7. Fernandes MH, Soares-Da-Silva P: Type A and B monoamine
tension. Indeed, previous studies suggested that a defec- oxidase activities in the human and rat kidney. Acta Physiol Scand
145:363–367, 1992tive DA receptor/signaling system, and a consequent
8. Saura J, Kettler R, Da Prada M, et al: Quantitative enzymeimpairment of renal sodium excretion may be potential radioautography with 3H-Ro 41-1049 and 3H-Ro 19-6327 in vitro:
factors contributing to the development and mainte- Localization and abundance of MAO-A and MAO-B in rat CNS,
peripheral organs, and human brain. J Neurosci 12:1977–1999, 1992nance of hypertension [50, 51]. On the other hand, oxida-
9. Fernandes MH, Soares-Da-Silva P: Role of monoamine oxidasetive stress has been involved in the defective DA recep- and catechol-O-methyltransferase in the metabolism of renal dopa-
tor/G-protein coupling in renal proximal tubule of mine. J Neural Transm 41:101–105, 1994
10. Jenner P, Olanow CW: Oxidative stress and the pathogenesis ofspontaneously hypertensive rats [52] and also has been
Parkinson’s disease. Neurology 47:S161–S170, 1996proposed as key mediators of the progression of renal 11. Pizzinat N, Copin N, Vindis C, et al: Reactive oxygen species
injury associated to hypertension [53]. production by monoamine oxidases in intact cells. Naunyn Schmie-
debergs Arch Pharmacol 359:428–431, 1999In conclusion, the results presented here demonstrate,
12. Suzuki YJ, Forman HJ, Sevanian A: Oxidants as stimulators ofto our knowledge for the first time, that MAOs are a signal transduction. Free Radic Biol Med 22:269–285, 1997
source of intracellular H2O2 production responsible for 13. Monteiro HP, Stern A: Redox modulation of tyrosine phosphory-
lation-dependent signal transduction pathways. Free Radic Biola Shc/ERK pathway-dependent cell proliferation. In ad-
Med 21:323–333, 1996dition to receptor stimulation and autoxidation, DA, and 14. Schreck R, Rieber P, Baeuerle PA: Reactive oxygen intermedi-
probably the other catecholamines, may induce some of ates as apparently widely used messengers in the activation of the
NF-kappa B transcription factor and HIV-1. EMBO J 10:2247–its effects through the MAO-dependent H2O2 produc-
2258, 1991tion. It is conceivable that DA effects on cell function 15. Chakraborti S, Chakraborti T: Oxidant-mediated activation of
may depend on multiple interacting factors, including mitogen-activated protein kinases and nuclear transcription factors
in the cardiovascular system: A brief overview. Cell Signal 10:675–(1) amine concentration available inside and outside the
683, 1998cells, (2) receptor accessibility, (3) expression and activ-
16. Rao GN: Hydrogen peroxide induces complex formation of SHC-
ity of MAOs, and (4) ability of the cell to remove H2O2 Grb2-SOS with receptor tyrosine kinase and activates Ras and
extracellular signal-regulated protein kinases group of mitogen-or the subsequent ROS. These results open new perspec-
activated protein kinases. Oncogene 13:713–719, 1996tives for the comprehension of the cell events triggered
17. Sundaresan M, Yu ZX, Ferrans VJ, et al: Requirement for gener-
by MAO-dependent H2O2 generation and their involve- ation of H2O2 for platelet-derived growth factor signal transduction.
Science 270:296–299, 1995ment in catecholamine effects in physiological and patho-
18. Irani K, Xia Y, Zweier JL, Der Sollott SJCJ, et al: Mitogeniclogical situations.
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ence 275:1649–1652, 1997
19. Guyton KZ, Liu Y, Gorospe M, et al: Activation of mitogen-ACKNOWLEDGMENTS
activated protein kinase by H2O2: Role in cell survival following
This work was supported by the Institut National de la Sante´ et de oxidant injury. J Biol Chem 271:4138–4142, 1996
la Recherche me´dicale, the Re´gion Midi-Pyre´ne´es (France) and by A 20. Wang X, Martindale JL, Liu Y, et al: The cellular response to
grant from the National Institutes of Health NS35875-01 (S.M.L.). We oxidative stress: Influences of mitogen-activated protein kinase
thank Ms. Rita Raddatz and Ms. Sandra Savic for their contribution signalling pathways on cell survival. Biochem J 333:291–300, 1998
to the preparation of HEK 293 MAO-B cell line. We also thank Mrs. 21. Luo Y, Umegaki H, Wang X, et al: Dopamine induces apoptosis
Christine Arragon for her excellent secretarial work. through an oxidation-involved SAPK/JNK activation pathway.
J Biol Chem 273:3756–3764, 1998
Reprint requests to Claudie Cambon, Ph.D., INSERM U388, Institut 22. Masserano JM, Gong L, Kulaga H, et al: Dopamine induces
Louis Bugnard, Baˆt L3, CHU Rangueil, 1, Av. J. Poulhe`s, 31403 Tou- apoptotic cell death of a catecholaminergic cell line derived from
louse Cedex 4, France. the central nervous system. Mol Pharmacol 50:1309–1315, 1996
E-mail: cambon@rangueil.inserm.fr 23. Offen D, Ziv S, Gorodin Barzilai I, et al: Dopamine-induced
programmed cell death in mouse thymocytes. Biochim Biophys
Acta 1268:171–177, 1995REFERENCES
24. Burdon RH: Superoxide and hydrogen peroxide in relation to
mammalian cell proliferation. Free Radic Biol Med 18:775–794,1. Aperia A, Holtback U, Syren ML, et al: Activation/deactivation
of renal Na1,K1-ATPase: A final common pathway for regulation 1995
25. Burdon RH: Control of cell proliferation by reactive oxygen spe-of natriuresis. FASEB J 8:436–439, 1994
2. Jadha AL, Liu Q: DA1 receptor mediated regulation of Na1-H1 cies. Biochem Soc Trans 24:1028–1032, 1996
26. Vinay P, Gougoux A, Lemieux G: Isolation of a pure suspensionantiport activity in rat renal cortical brush border membrane vesi-
cles. Clin Exp Hypertens 14:653–666, 1992 of rat proximal tubules. Am J Physiol 241:F403–F411, 1981
27. Marjamaki A, Sato M, Bouet-Alard R, et al: Factors determining3. Perrichot R, Garcia-Ocana AS, Couette A, et al: Locally formed
dopamine modulates renal Na-Pi co-transport through DA1 and the specificity of signal transduction by guanine nucleotide-binding
protein-coupled receptors: Integration of stimulatory and inhibi-DA2 receptors. Biochem J 312:433–437, 1995
4. Cheng HF, Becker BN, Harris RC: Dopamine decreases expres- tory input to the effector adenylyl cyclase. J Biol Chem 272:16466–
16473, 1997sion of type-1 angiotensin II receptors in renal proximal tubule.
J Clin Invest 97:2745–2752, 1996 28. Nakamura MS, Nakamura S: One- and two-electron oxidations
Vindis et al: MAO-dependent H2O2 production86
of luminol by peroxidase systems. Free Radic Biol Med 24:537–544, 40. Rice-Evans CA, Diplock AT: Current status of antioxidant ther-
apy. Free Radic Biol Med 15:77–96, 19931998
41. Simantov R, Blinder E, Ratovitski T, et al: Dopamine-induced29. Alessi DR, Cuenda A, Cohen P, et al: PD 098059 is a specific
apoptosis in human neuronal cells: Inhibition by nucleic acids anti-inhibitor of the activation of mitogen-activated protein kinase ki-
sense to the dopamine transporter. Neuroscience 74:39–50, 1996nase in vitro and in vivo. J Biol Chem 270:27489–27494, 1995
42. Lai CT, Yu PH: Dopamine- and l-b-3,4-dihydroxyphenylalanine30. Reith ME, Coffey LL, Xu C, et al: GBR 12909 and 12935 block
hydrochloride (L-Dopa)-induced cytotoxicity towards catechol-dopamine uptake into brain synaptic vesicles as well as nerve
aminergic neuroblastoma SH-SY5Y cells: Effects of oxidativeendings. Eur J Pharmacol 253:175–178, 1994 stress and antioxidative factors. Biochem Pharmacol 53:363–372,
31. Sharif NA, Nunes JL, Kalfayan V, et al: A pharmacological 1997
comparison of [3H]GBR12935 binding to rodent striatal and kidney 43. Zhang J, Jin N, Liu Y, et al: Hydrogen peroxide stimulates extra-
homogenates: Binding to dopamine transporters. Neurochem Int cellular signal-regulated protein kinases in pulmonary arterial
21:69–73, 1992 smooth muscle cells. Am J Respir Cell Mol Biol 19:324–332, 1998
32. Bascands J-L, Pecher C, Rouaud S, et al: Evidence for existence 44. Kamata H, Shibukawa Y, Oka SI, et al: Epidermal growth factor
of two distinct bradykinin receptors on rat mesangial cells. Am J receptor is modulated by redox through multiple mechanisms:
Physiol 264:F548–F556, 1993 Effects of reductants and H2O2. Eur J Biochem 267:1933–1944,
200033. Gargalidis-Moudanos C, Remaury A, Pizzinat N, et al: Predomi-
45. Toback FG: Regeneration after acute tubular necrosis. (Nephrol-nant expression of monoamine oxidase B isoform in rabbit renal
ogy Forum) Kidney Int 41:226–246, 1992proximal tubule: Regulation by I2 imidazoline ligands in intact
46. Vrtovsnik F, Couette S, Prie D, et al: Lovastatin-induced inhibi-cells. Mol Pharmacol 51:637–643, 1997
tion of renal epithelial tubular cell proliferation involves a p21ras34. Cohen G, Farooqui R, Kesler N: Parkinson disease: A new link
activated, AP-1-dependent pathway. Kidney Int 52:1016–1027,between monoamine oxidase and mitochondrial electron flow.
1997Proc Natl Acad Sci USA 94:4890–4894, 1997
47. Short BG: Cell proliferation and renal carcinogenesis. Environ35. Varma DR, Deng XF, Chemtob S, et al: Characterization of the Health Perspect 101:115–120, 1993
vasorelaxant activity of tyramine and other phenylethylamines in 48. Sarabia SF, Liehr JG: Induction of monoamine oxidase B by
rat aorta. Can J Physiol Pharmacol 73:742–746, 1995 17 beta-estradiol in the hamster kidney preceding carcinogenesis.
36. Luo Y, Kokkonen GC, Wang X, et al: D2 dopamine receptors Arch Biochem Biophys 355:249–253, 1998
stimulate mitogenesis through pertussis toxin- sensitive G proteins 49. Dominguez J, Troncoso P, Martinez L: Monoamine oxidase inhi-
and Ras-involved ERK and SAP/JNK pathways in rat C6-D2L bition prevents ischemia reperfusion damage in rat kidneys. Trans-
plant Proc 27:1839–1842, 1995glioma cells. J Neurochem 71:980–990, 1998
50. Jose PA, Eisner GM, Felder RA: Renal dopamine receptors in37. Lajiness ME, Chio CL, Huff RM: D2 dopamine receptor stimula-
health and hypertension. Pharmacol Ther 80:149–182, 1998tion of mitogenesis in transfected Chinese hamster ovary cells:
51. Hussain T, Lokahandwala MF: Renal dopamine receptor func-Relationship to dopamine stimulation of tyrosine phosphoryla-
tion in hypertension. Hypertension 32:187–197, 1998tions. J Pharmacol Exp Ther 267:1573–1581, 1993
52. White BH, Sidhu A: Increased oxidative stress in renal proximal38. Choi EY, Jeung D, Won K, et al: G-protein mediated mitogen-
tubules of the spontaneously hypertensive rat: A mechanism foractivated protein kinase activation by two dopamine D2 receptors. defective dopamine D1A receptor/G-protein coupling. J HypertensBiochem Biophys Res Commun 256:33–40, 1999 16:1659–1665, 1998
39. Yan Z, Feng J, Fienberg AA, et al: D(2) dopamine receptors 53. Shou I, Wang LN, Suzuki S, et al: Effects of antihypertensive
induced mitogen-activated protein kinase and cAMP response ele- drugs on antioxidant enzyme activities and renal function in stroke-
ment-binding protein phosphorylation in neurons. Proc Natl Acad prone spontaneously hypertensive rats. Am J Med Sci 314:377–384,
1997Sci USA 96:11607–11612, 1999
